A new experimental method is developed here to investigate agglomeration in spray drying towers operating with multiple nozzles. It allows studying independently the contribution of each spray to the product and obtaining a valuable insight into the agglomeration processes. The paper studies a two level swirl counter-current dryer of detergent in a full-scale production system. It shows that operation with two nozzle levels increases the energy efficiency compared to the use of single sprays, but in turn promotes both agglomeration and elutriation of powder from the top of the dryer. The product size distribution becomes bi-modal and the composition and porosity of the product more heterogeneous due to the different thermal histories experienced by droplets from each spray. The method described here controls the air temperature and humidity nearby the nozzles to quantify the agglomerates resulting from particle contacts within each individual spray or from their interaction. Particle agglomeration is shown to be suppressed at the bottom of the dryer where the heat transfer rates are highest and promoted at the top spray, which originates a second coarse mode in the size distribution. Both levels do not operate independently; the powder elutriated upwards from the bottom nozzle is captured entirely by the top spray when it is centrally located. By isolating the independent impact of each nozzle in a dryer, the method provides powerful data to correlate the agglomeration behaviour with local process conditions, and so facilitate the development and validation of spray dryer models.
Introduction
Spray dryers are used for obtaining particulate products from stocks of materials with high humidity. Slurries or pastes are atomised in a drying chamber and the contact with hot air removes the moisture, turning the droplets into porous particles. Advantages versus other alternatives include the ability to encapsulate active components in a solid matrix and obtaining fast dissolving powders with an open structure, which is often desirable for consumer goods [1] . Thermally stable products are spray dried in counter-current devices to minimise the consumption of energy. In turn, the counter flow accumulates solids and causes more agglomeration, breakage and deposition than a co-current device. Detergent powders can be manufactured in this way, making use of large towers and a strong swirl to increase the relative velocity between the phases [2, 3] . The swirl makes the solids to concentrate close to the walls, where they form multi-layered deposits [4] that interact with air borne powder through the deposition of new material and re-entrainment of clusters back into the flow. The deposition/resuspension cycle then gives rise to substantial agglomeration and much of the residence time experienced by the solids [5] .
The design and scale up of dryers still needs to rely on experience [6, 7] . The flow dynamics depends on an intimate coupling between both phases [8] [9] [10] and it is often impossible to describe without a certain knowledge of how the solids come into contact, grow [11, 12] or deposit [13] [14] [15] . The change in size affects drastically the way the particles disperse, particularly under swirl [16, 17] ; it determines the quality of the powder and the rate of heat and mass transfer [18] [19] [20] . Stochastic models [21] allow for tracking particle-particle impacts and introducing growth models [22] [23] [24] [25] but significant research is needed to describe accurately the contact between semi-dried particles [26, 27] . It is generally accepted that comprehensive tools are still far from capturing agglomeration phenomena [28, 29] particularly in counter-current towers where the number of contacts is exacerbated. Swirl towers have been adapted to different formulations over decades to maximise capacity and efficiency [3] , both of which depend on the evolution of the particle size. In essence, the rate of a dryer is limited by the amount of slurry that can be dried without causing excessively coarse or fine particles. Agglomeration in a swirl tower becomes more important when one operates at a high throughput, for instance by placing more sprays in the chamber [30] [31] [32] . Ultimately, the powder becomes too ) is challenging and obtaining reliable data is complicated [35] . In manufacturing scales, residence times were first reported by Place [36] , but more recently, stability analysis [37] , velocity [38] and flow and turbulence data have become available [39] . As a consequence of a limited experimentation it has not been possible to validate the few multi-phase models available [40] [41] [42] [43] , which rely on data in laboratories [33] or pilot scale facilities [34] and very rarely deal with the solid phase [44] [45] [46] , particle contacts [47] or deposits. Only few authors such as Fieg [48] or Zbiciński [40] study experimentally the properties of the solids and report temperatures or drying rates in pilot towers, but to our knowledge no full scale experimentation has linked agglomeration to process conditions, nozzle configuration or energy efficiency.
To this purpose, two independent investigations have been conducted. Part A [49] compartmentalises a swirl drying tower and documents the use of single detergent nozzles; it clarifies the effects arising from the separation of solid and liquid phases during the atomization and correlates the location of a nozzle to the capacity and efficiency of the dryer. The nozzle position can be manipulated to minimise elutriation and control growth [49] , but to maximise throughput, the largest units introduce various nozzles levels [30] [31] [32] . Further research is needed to understand the role of the nozzle configuration: where and how the aggregates are formed, how the drying efficiency changes from using one to various levels or whether the different sprays interact. This paper, Part B, answers some of these questions studying the transition from a single-level operation to the use of two spraying levels with central nozzles. The experimental method developed here allows studying, for the first time, the contribution of each nozzle to the product, quantifying the interaction between sprays and correlating the local conditions to experimental growth patterns. This type of data enables the simplification of models to the areas in a dryer where agglomeration is most relevant.
Experimental conditions

Unit design and measurement
An industrial counter-current spray drying tower was used for the experiments, property of Procter & Gamble. Table 1 includes the main design features and Fig. 1 depicts the location of slurry and water nozzles. Fig. 2 illustrates the operation of the air system, the location of temperature sensors and wall inspection areas.
The hot air is injected at the bottom of the dryer with certain angular momentum. A vortex is formed at the conical section [39] ; it moves into the cylinder and exits through the top duct entering a series of cyclones, where the powder elutriated from the chamber is collected. The same formulation and atomization conditions used in Part A [49] and other works [5] are maintained. The paste is prepared by the addition of surfactant(s), polymer(s) and inorganic salt(s) up to a solid content between 30-60% It is pressurised and conducted into swirl pressure nozzles at positions #1 and #3 in Fig. 1 , where it is atomized. The same nozzle is used at all levels, aligned with the centreline of the chamber and facing down. Droplets sufficiently light are entrained in the upwards air flow. Some exit the tower top and are collected at the cyclones and those sufficiently coarse migrate to the wall before reaching the top exit, concentrate, grow and start to flow down. Intermediate droplet sizes move outwards from the spray and approach the terminal velocity before reaching the wall above or below the nozzle. Increasing in size, droplets become less affected by drag and maintain a high momentum when they impact the wall for the first time. Fig. 1 depicts the area of the projection of the spray based in the spraying angle and the thickness of the hollow cone formed. Once the solids are dispersed near the wall, they free fall maintaining the swirling motion and collide multiple times with the structure of deposits formed.
The experiments described later make use of a fine water mist to control the air temperature and humidity in the chamber. To this effect, three sets of air atomized spray nozzles, denoted W 1 , W 2 and W 3 (SU82, Fluid Cap 251376; Air Cap 4691312) were installed at the positions shown in Fig. 1 , and fed from storage.
The air temperature T A was measured automatically at the inlet, tt-0, and exhaust lines, tt-5 (Fig. 2) . Any indication of the temperature inside the dryer is extremely valuable because it is rarely available and difficult to obtain [35] . In the chamber, measurements of air temperature T A were obtained at four levels (tt-1 to tt-4, Fig. 1 ) placing hollow metallic bars with seven rectangular openings that expose K-type naked thermocouples to the flow. In agreement to Huntington [3] , deposition and condensation in the sensors could be prevented by placing the bars sufficiently far from the sprays and aligning the openings in the shadow of the swirl. Comparison of this method to the exhaust probe results in good agreement (± 2°C) in the absence of particles and similar humidity ranges. The evolution of the heat losses Q Loss was monitored by measurement of the wall temperature T w at the conical section of the dryer. Wall deposits grow during a long period until achieving a steady state thickness where deposition and re-entrainment become balanced [5] . The deposition rate in an initial stage r d,o is a good indication of the rate of impacts to the wall and often used for model validation. In line with usual practice [50, 51] the initial deposition rate was measured at several locations (Fig. 2) by collection of the deposits formed over clean surfaces during 10-15 min.
The droplet size and the spray angle were obtained in an external spray rig with image analysis and laser diffraction methods (Malvern Spraytec Particle Sizer, RTSizer 5.6) respectively. The reader is referred to Part A [49] for a detailed study of atomization and the effects arising from the separation of solid and liquid phases at the nozzle.
The elutriation rate from the top of the chamber is measured by collection of the powder exiting the cyclones, later used for analysis. Ten 1 kg samples of the product exiting the bottom end were taken at the tower belt (Fig. 1) by collection of the full stream; they were sampled down and sieved using the Taylor series. The product temperature was measured by an infrared probe (OMEGA OS551). A larger bulk sample between 15-20 kg was also gathered by blending consecutive samples; it was sieved into 11 size fractions (Russell Finex Model 17240), sealed and used for analysis of composition, density and porosity.
Water and surfactant(s) contents, X w and X s , were obtained with Toledo Mettler Moisture Balances and performing analytical titrations. Morphology was examined under Scanning Electron Microscopy, SEM, (Hitachi TM1000). Particle absolute, ρ abs , and envelop,ρ env , densities were analysed under He picometry (Micromeritics, AccuPyc II 1340 v1.02.01) and Hg Porosimetry (Micrometricts, Autopore IV) respectively.
Multi-level swirl dryers: Powder recirculation and drying kinetics
The capacity of a dryer is given by its ability to dry the maximum amount of product while controlling its properties, mainly size and density. Swirl dryers can distribute several nozzles in two or three rings at different levels [31, 32] to maximise rate while minimising the number of particle contacts. Neighbouring sprays in each level can interact when they are too close to each other [3] . That effect is left out of the scope of this work, which focuses only on the transition from one to two levels of a single central nozzle. In this scenario, the introduction of a second nozzle level increases the production rate and modifies the dispersion and thermal history of the solid phase because (a) the inlet air mass rate and temperature need to be increased to convey more heat and mass transfer, (b) particles are injected at different places and so they present different residence times and (c) each spray faces different local temperatures and velocities. Fig. 3 depicts the initial trajectory of different sized droplets and the subdivision of the dryer for a multi-level system. Part A [49] discusses in more detail this compartmentalization. One can focus in a concentrated ring close to the wall where the powder concentrates [4] . Regions above and below the spray(s) projection, denoted SR, TR, ER in Fig. 3 are defined as the areas where the particle motion is function of particle size and density but history independent. The nozzle region NR in turn is divided into (a) the spray (nozzle inertial region, NIR Fig. 3 ), which is comprised of high velocity droplets whose motion is dominated by the initial momentum and thus history, and (b) a concentrated area near the wall (nozzle terminal region, NTR Fig. 3 ) where free falling powder is exposed to high velocity droplets coming from the spray. In the nozzle region, the deposits need to be considered as a separate region, where wall-borne clusters interact with air-borne powder by rates of deposition and re-entrainment [5] . The transition from the single-level arrangement described in Part A to using two levels promotes agglomeration in three ways:
• Collision rate or frequency: The rate of particle-particle and particlewall impacts increases in response to a higher concentration of solids. As the throughput is doubled it is necessary to convey more heat transfer in the dryer, which can be done by increasing the inlet air temperature and/or mass rate, T A,IN and M A . As a result, the chamber develops higher air velocities U A , which hold up more solids and elutriate more powder.
• Probability of growth or collision efficiency: The injection of the slurry at two different levels modifies the air temperature and velocity field, and so the droplets sprayed at each nozzle face different thermal histories. The largest driving force to dry the powder is generated at the bottom, where the air temperature T A and velocity U A are the highest. The surface of a droplet sprayed here must experience faster drying rates; it dries and turns non-deformable more rapidly, which reduces the likelihood for contacts to result in agglomeration or deposits. In contrast, droplets sprayed at the top face cooler and damper air and must remain prone to agglomerate or deposit for longer.
• Recirculation and contact mechanics: A characteristic feature of a multi-level configuration is the flow established between several nozzle regions. In this case, the product can be thought to be comprised of three different populations, p-i and p-ii: particles that come from each of the sprays without having aggregated or having done so with o Bottom (NR #3): The product from the top flows down near the wall and crosses the bottom spray NIR in Fig. 4b . These contacts occur in the concentrated annulus near the wall, NTR in Fig. 3 .
Here the solids stagnate, collide one to another and interact with high velocity drops coming from the bottom spray. The contacts with the particles coming from the top nozzle are no different to the rest of the powder in this region; they simply include solids that have had a longer residence time, and probably have already agglomerated in the top region.
The aim of this paper is to quantify the growth occurring in each of the nozzle regions shown in Fig. 3 , and due to the recirculation flows depicted in Fig. 4 .
Experimental design
When one places a second nozzle level, it is complicated to distinguish the effects due to increasing the rate and the concentration of solids in the chamber or due to modifying the thermal history of each spray. The series of experiments outlined in Fig. 5 does so by studying each spray independently keeping a constant atomization. Three stages are followed:
1. Reference. The case M 13 uses both slurry nozzles simultaneously and is taken as the reference.
2. Isolation of each spray. The top slurry nozzle in studied independently in M 1 ; the bottom in M 3 , M 3-ii and M 3-iii using different levels of added water to control the air temperature and humidity within the nozzle region.
3. Sensitivity. The effect of reducing the inlet air temperature T A,IN and velocity U A are studied in M 3-i .
During the start-up of M 13 the hot air is connected; the inlet air temperature, T A,IN and rate, M A are increased to heat up the dryer. When atomization starts, T A,IN is fixed and M A increased until the product exits with the target water content X w and the dryer wall reaches a constant temperature. The inlet conditions in M 13 are used as the reference for the remaining experiments.
The isolation experiments try to identify which part of the product in M 13 comes from nozzle #1, from nozzle #3, or as result of their interaction (i.e. populations p-i, p-ii and p-iii described earlier). In order to determine the agglomerates formed only by one of the sprays, one needs to operate this nozzle alone but under the same air flow field observed when both are together in M 13 . In essence, the solids must face the same air conditions in terms of temperature T A , relative humidity, rH A , and velocity, U A in order to originate the same rate and type of particle contacts, particularly in the nozzle region. The changes introduced to replicate the air flow field observed in M 13 during the isolation experiments are explained below; Table 2 summarizes the process conditions. Experiments M 1 , M 3-ii and M 3-iii replicate the air flow field in the chamber using only one slurry nozzle but matching the overall evaporation rate to that of the reference M 13 . To do so they replace the water removed from the slurry in M 13 with the equivalent amount provided by two sets of air/water dual nozzles ( Fig. 5 ): • M 1 : During M 13 the flow to nozzle #3 is disconnected and the water previously evaporated from that slurry flow is injected as a fine mist by W 2 , placed at the centre and facing down (Fig. 5 ). As shown later this allows retaining a comparable temperature field and heat transfer rate q in the top region. The product exiting the tower under these conditions represents what would have been generated by nozzle #1 in M 13 if nozzle #3 were absent.
• M 3-ii , M 3-iii : In a similar way, in these cases the flow to nozzle #1 is disconnected and W 1 and W 3 are connected to maintain the same evaporation rate. Cases M 3-ii and M 3-iii use a different water injection ratio between W 1 and W 3 ( Table 2 ). Two considerations must be made in respect to the use of water:
o Water dries faster than slurry, and thus the evaporation of droplets from W 1 and W 3 does not extend as far into the bottom of the dryer when compared to the behaviour of slurry droplets in M 13 . As a result, the air is likely to reach a higher temperature T A at the bottom and enhance drying. Indeed, Table 2 and later sections show that the powder in M 3-ii and M 3-iii reaches a higher exit temperature T p and a lower water content X w . This is not an issue to study agglomeration because the contacts responsible occur above, i.e. in the cylinder. o Re-wetting: there is a risk for the surface of particles to be re-wet by water drops and become stickier for a short period of time. Later Section 3.3 show that some deposits appear near the water sprays despite the dual nozzles provide very fine drops (b100 µm), which are expected to dry rapidly.
Later Section 3.2 shows that during M 13 the air temperature T A varies from~300°C at the inlet to~100°C above nozzle #3. The same range of variation has also been controlled by modifying the inlet air conditions:
• M 3 uses the same inlet air mass rate M A but reduces the inlet temperature T A,IN until the T A above nozzle #3 reaches the value in the reference M 13 (~100°C). Therefore, the same rate of heat is exchanged and the product is dried to the same water content X w , but in turn, the air at the top of the chamber reaches higher temperatures and velocities.
• M 3-i keeps on reducing T A,IN further until the exhaust conditions match those in the reference M 13 . Of course, this reduces the overall drying rate versus the one in M 3 and the product exits with a higher water content X w . Table 3 illustrates the effect of the different operating conditions in the air velocity U A in the chamber, by the estimation of the air superficial velocity U av at different levels according to the changes in air temperature given in later Section 3.2. This enables the comparison of the exhaust velocities for different cases and explain how the stronger drag causes more elutriation and presumably a higher particle concentrations at the bottom of the chamber.
Results and discussion
Capacity and efficiency
All cases with the exception of M 3 show comparable exhaust conditions (Tables 2 and 3 , level tt-4). However, the elutriation rate M E in Table 2 decreases when the nozzle is brought down from M 1 to M 3-i from M E ¼ 8:0% of the full exit rate of powder M EP to~6.8% in M 3-i . The trend is in agreement with the observation made in Part A: a lower nozzle position allows more time for the elutriated powder to migrate to the walls. The operation of a multi-level arrangement results more elutriation (M E ¼ 6:8−8:0% vs M E ¼ 2:0−4:0% for single-level cases [49] ) because the chamber operates at higher velocities and the air carries more solids upwards (in single-level operation conditions [49] the air mass rate and temperature are lower: M A /M A , M 13~0 .67; T A;IN;M 13 −T A;IN $ 30°C ). When water nozzles are used in M 3-ii and M 3-iii the elutriation falls further perhaps as a consequence of interaction with the water drops.
When both slurry nozzles are operated together in M 13 , the elutriation M E represents only 3.1 % of the overall exit rate of powder M EP but, remarkably, when both operate individually the summation of the elutriation rates represents 7.4% (computed from the rate of each nozzle in M 13 and the elutriation in M 1 and M 3-i , Table 2 ). This is a very relevant fact: a quite substantial part of production~4.3% flows up when both nozzles are operated independently in M 1 and M 3-i but it no longer exits from the top if they are operated together: instead it exits at the bottom. The lack of elutriates in M 13 points to the agglomeration of fine powder flowing up from the bottom and somehow captured. The analysis of the product size and composition given in later sections provides further evidence.
The capacity of the dryer is affected by the amount of product that must be discarded, which comprises of the powder elutriated and collected in the cyclones, M E , and the fraction of the product considered too coarse, denoted M R (e.g. computed here as the fraction x p N 1800 µm). Table 2 includes the capacity ratio C, computed as the usable fraction of the overall exit rate of powder, M EP . C decreases from a maximum of 0.92 in the single-level operation conditions [49] to 0.85 in a multilevel operation because more elutriates are generated and coarser granules start to form. However, the multi-level system still results in a more economical arrangement because it doubles the throughput and increases the thermal η t and the heat transfer η h efficiencies from 0.74 and 0.51 in a single-level operation [49] to 0.79 and 0.57 in M 13 thanks to the higher ΔT driven between the phases and presumably, a longer residence time.
Control of the drying environment in the chamber
In order to compare the reference production M 13 with those from the top or bottom levels it is important to ensure that the slurry nozzles #1 and #3 face a similar temperature field and drying rate. Fig. 6 reports the air temperature T A in the cylindrical chamber giving time-averaged measurements at different radial and axial positions. Fig. 7 includes a cross-sectional average T A,av and measurements at the plenum tt-p and the conical section t-c.
The multi-level production M 13 and that from the top nozzle in M 1 show comparable temperatures below the top slurry spray (see tt-3 in Fig. 6 ): a constant small bias,~10°C and an increase at the centre of the cylinder. In the studies of the bottom slurry nozzle, the level tt-1 shows the temperature immediately below the projection the spray. The experiments using added water, M 3-ii and M 3-iii , render slightly lower temperatures than the reference M 13 . In the outer region, T A varies from 175-180°C to 150-175°C and 160-180°C from having both slurry nozzles in M 13 or only the bottom in M 3-ii and M 3-iii (Fig.  6 ). In these cases, the central region of high T A is lost above the level of the nozzle (tt-2, Fig. 6 ), but it reappears at the top of the chamber (tt-3, tt-4 Fig. 6 ). The reason for this behaviour remains unclear but it may be related to the recirculation areas caused by the swirl, at least in isothermal flows [52] . The experiments M 3 and M 3-i use also the bottom slurry spray but neither slurry nor water are injected at the top of the dryer. Above the nozzle (tt-2 to tt-4, Figs. 6 and 7) the entire chamber achieves a homogeneous T A , which indicates that the elutriated powder dries rapidly near the nozzle. Below the bottom spray (tt-1) M 3 and the multi-nozzle production in M 13 face a very similar air temperature: T A decreases towards the wall in an indication of a higher concentration of solids and it shows a span from 185-200 ºC (M 3 Fig. 6 ). In turn, when the inlet air temperature T A,IN decreases further in the case M 3-i the temperature faced by the solids in the nozzle region (tt-1) reduces significantly to 135-145°C (M 3-i Fig. 6) .
A distributed energy balance is reported in Tables 4 and 5 (Sections I to V are defined in Fig. 7a ). The evaporation rate M eva and the heat loss rate Q Loss , are obtained from overall mass and energy balances. Eq. (1) defines the overall heat exchange rate Q Ex from the variation of sensible enthalpy in the dry air, ΔH DA,sn , and the product, ΔH P,sn (i.e. inlet slurry and outlet powder, elutriation and vapour) utilised in evaporation 
In order to study how the solids dry at different sections, it is useful to group the terms differently in Eq. (2) and compute the heat transferred to the solid phase in each section i, denoted Q S,i .
Eq. (2) requires the estimation of the axial distribution of the heat losses. Losses are largely localised to Section I in Fig. 7 i.e. Q Loss,I N 0.84-0.91 Q Loss , and particularly, to the distributor i.e. ΔT between tt-0 and tt-p, which accounts for 0.72-0.87 Q Loss . The remaining losses reduce drastically in cylinder and can be distributed according to the contact area and the air-wall temperature differences, in the assumption that all sections show comparable heat transfer resistances. In general, the energy required to heat the solids is low i.e. ΔH P,sn b 0.10 Q Ex , and so the heat transfer rate calculated from Q S serves as a valid indication of the drying rate experienced by the solids. Table 4 summarizes the axial distribution of Q S in the reference case, M 13 . Notably, a high proportion of heat is transferred below the cylinder N44% and a low proportion between the nozzles, Section III. There is also a large difference between both nozzle regions, Sections II and IV. Clearly, most of the particles sprayed at the top are in fact dried below the bottom nozzle in Sections I and II. To illustrate the differences, Tables  4 and 5 include a specific heat transfer rate q (kJ per m of tower and kg of dry slurry). Normalization by the either total rate and that of each nozzle facilitates comparison of each nozzle region in Table 5 . q is indicative of the efficiency of the heat transfer and the particle concentration. For instance, in M 13 much lower values are obtained at the top nozzle region i.e. 16.5 kJ/mkg DS than the bottom nozzle region i.e. 70.6 kJ/mkg DS because each faces a different drying environment. The bottom nozzle is located in areas of higher temperature, which promotes the heat transfer, and faces a stronger upwards air velocity, which must concentrates the powder further and increase the overall heat transfer rate q unless the concentration rises sufficiently to affect the temperature or cause a local mass transfer limitation.
All experiments aim at reproducing similar concentration and particle properties in the nozzle regions, and thus they must present a comparable T A field in Fig. 7 , and comparable heat transfer rates in Tables 4  and 5 . The production from the top spray alone in M 1 renders an overall similar heat transfer rate to M 13 , yet a slightly lower values at the top nozzle region, Section IV, comparing q = 35.1 in Table 4 (1) to 29.3 kJ/ mkg DS in Table 5 .
The production from the bottom spray in M 3 renders higher rates i.e. 161.9 kJ/m kg DS ) in the nozzle region, Section II, than the reference M 13 in Table 4 (3) i.e. 97.0 -133.3 kJ/mkg DS . The case M 3-i replicates this range better using a lower inlet air temperature and yields a value of q = 102.9 kJ/mkg DS in Section II. The use of the water sprays in the cases M 3-ii and M 3-iii renders a comparable distribution of heat exchange in the entire chamber (Table 4 (13) and Table 5 ). Accordingly, during M 13 one expects the properties of the particles near the bottom nozzle, Section II, to be somewhere between those in the isolation experiments M 3 and M 3-i without added water and M 3-ii and M 3-iii with added water. The first two experiments cover the range of heat transfer rate q observed in the reference, and the last two render very similar heat transfer rates but include the potential to re-wet the surface of the particles. Remarkably, all of these experiments result in a very similar product size distribution (Section 3.4) which ensures that any potential rewetting or the minor changes in the drying rate did not have significant effects in the agglomeration.
Wall deposits
During the reference M 13 , deposits appear primarily near the projection of the top nozzle (6.9 D) and barely no deposits appear either between the sprays or at the bottom inspection area in 2.2 D. Table 6 and Fig. 8 report the initial net wall deposition rate, r d,o , and the examination of the walls. The deposits above the nozzle respond to the accumulation of fines. In M 1 the fine droplets are directly elutriated and no deposits develop at the top (9.2 D), but in M 13 heavier deposits appear despite the elutriation rate is lower (Table 2) . Interestingly, more wet fine particles seem to be reaching the walls at the top and accumulate without being elutriated. It is perhaps the consequence of recirculation or wearing of deposits given the large amount of powder impacting the walls. This could explain by the deposits do in fact diminish at the top nozzle region (6.9-8.1 D) when comparing M 13 to the use of the top nozzle alone in M 1 .
In the projection area from nozzle #1 (6.9 D) the amount of deposits increase significantly from single-level operation conditions (Part A, 0.91 g/sm 2 [49] ) to the use of the same nozzle under multi-level operation conditions (1.87 g/sm 2 ). This is a neat evidence of the effects of a two-level arrangement: the stronger counter air flow (a) increases concentration and the rate of wall impacts and (b) shifts the trajectory of coarse wet droplets upwards so that they cover more the inspection area (compare the projection between 6.1-6.8 D in Fig. 1 to the inspection area centred around 6.9 D in Fig. 2 ). No deposits appear near the projection from nozzle #1 (2.2 D) in either M 13 or the operation of the bottom nozzle in M 3 because the solids are sufficiently dry when they reach the wall. However, when the drying rate diminishes in M 3-i the deposits start to appear, see Fig. 8b . Similarly, when added water is used in M 3-ii and M 3-iii , some deposits start to appear near both of the water sprays (see Fig. 8b ) in an indication that the surface of the particles or the walls has been re-wet. The product in these cases may contain some aggregates that would not have been produced if water drops were "invisible" to the solids, but as detailed later it poses no restrictions to the conclusions of the work Table 7 summarizes the statistics of all the product size distributions. Fig. 9a evidence the increase in particle size from the initial droplet population to the product in the multi-level production, M 13 . The conditions associated to a single-level operation render product size distributions with a single mode between 300-425 µm [49] . The use of both sprays in M 13 generates a clearly different bi-modal shape. The product shows the same primary mode but also a coarser second mode between 850-1180 µm. Fig. 9b compares the reference production M 13 with the contribution expected from the operation of each of the nozzles independently given by M 1 and M 3 . All cases show the same primary mode in Fig. 9b . The bottom spray M 3 originates a single narrow mode but the top spray, M 1 is clearly responsible of generating coarser powder and the bi-modal distribution. It is evident that agglomeration is strongly inhibited at the bottom of the dryer and promoted at the top. The reduction of the heat transfer rate observed at the top of the chamber, Table 4 , makes the surface of particles in the top region wetter (either air-borne or wall-borne) and thus more prone to stick to the wall and deposit (Fig. 8) or to each other and agglomerate (Fig. 9b ) 1 Specific heat transfer rate q = Q S,i /(Δz M S (1-X w,S )); #13, #1 or #3 denote the normalization to M S , M S,#1 or M S,#3 .
Contribution of each spray and their interaction to the agglomeration
2 Most the heat exchanged corresponds to the product from nozzle #1. 3 Part of the heat is transferred to product from nozzle #1. The minimum rate transferred to the product from nozzle #3 may be estimated as 97.0±4.5 kJ/mkg DS for a direct comparison to M 3 , M 3-i in Table 5 . The comparison between the single-level and the multi-level operation conditions in Parts A and B illustrates the trade off between increasing rate and promoting particle growth. The production from the top nozzle #1 becomes coarser when the air mass rate increases in the multi-level case (the shoulder in S 1 develops into a second mode in M 1 , Fig. 10a ). The evolution can be explained by the increase in particle concentration, which multiplies the particle-particle and particle-wall contacts in the top nozzle terminal region NTR where the air temperature is low and the particles remain sticky. In contrast, the production from the bottom nozzle #3 becomes finer under the multi-level operation conditions (the mode in S 3 narrows in M 3 and the plateau disappear, Fig. 10b ) because the higher temperature and heat transfer rate at the bottom suppress the agglomeration.
A relevant question for model development is whether the nozzles are in fact independent, i.e. whether one can assume that agglomeration occurs only between droplets/particles from the same nozzle. If the contacts due to the recirculation between both nozzles regions in Fig. 4 were negligible, the simple summation of independent productions given by M 1 + M 3 would result in M 13 (or at least the maximum amount of agglomerates expected from independent sprays since M 1 and M 3 overpredict particle growth). A simple mass balance demonstrates that this is not the case. The second size mode generated in M 1 accounts as a maximum for 63% of the product x p N 600 µm. Fig. 11 shows the comparison of (a) the product expected from nozzle #3 if there were no interactions between the sprays i.e. M 13 -M 1 and [49] 173 ±4 261 ±7 413 ±15 824 ±64 1724 ±286 S 3 [49] 195 ±12 282 ±20 456 ±98 2224 ±1575 x p,83 = 4760 µm (b) all the experiments that isolate nozzle #3. The powder obtained from nozzle #3 always exhibits the same size distribution: a single mode aligned with the primary mode in M 13 . The cases M 3 and M 3-i generate narrower modes and a final plateau, instead of long tails observed when water is added in M 3-ii and M 3-iii . When the drying rate is reduced the plateau rises in M 3-i and a wider tail appears in M 3-iii , but in every case the shape and statistics remain very similar (Table 7) . However, the product expected from independent nozzles (i.e. M 13 -M 1 ) shows a clearly different distribution in Fig. 11 , which demonstrates that M 13 does not comprises of the simple summation of powder generated by top and bottom nozzles M 1 + M 3 . Consequently, the sprays cannot be considered independent. The discrepancy in the mass balance (i.e. second mode of M 13 -M 1 in Fig. 11 ) is indicative of the population of agglomerates resulting from particle contacts between different sprays. It can be estimated as the difference between the mass rate x p N 600 µm in M 13 and M 1 + M 3 . One can state that as a minimum, 6-11% of the the secondary mode in M 13 was generated by inter-level contacts. The inter-level agglomeration then represents 3.7% of the overall exit rate of powder, which is consistent with the reduction of the elutriation in Table 2 (quantified as 4.3%, Section 3.1). In essence, the size distributions confirm that the powder elutriated from the bottom nozzle has been entirely captured and forms part of coarser granules in M 13 . The capture of fines and a second size mode are not found particularly detrimental to the product quality in M 13 , for the mass median size x p,50 remains similar to a single-level operation (S 1 or S 3 in Table 7 [49]). Furthermore, x p,10 and x p,90 are even reduced versus S 3 because the second mode prevents the formation of a final plateau in Fig. 9b . Finally, the distribution of deposits at the walls is known to affect significantly the flow structure in a swirl dryer. To evaluate their effect M 13 and M 1 were first obtained under initially clean walls and then replicated under heavily built up walls [52, 53] . The product size and operation conditions result indistinguishable in all cases, which suggest that the effect of deposits in the flow remains comparable once the wall reaches an equilibrium thickness.
3.5. Product heterogeneity 3.5.1. Redistribution of active components(s) X s Separation of liquids and solids during the atomization makes small droplets particularly rich in liquids such as surfactant(s) and those comparable to the size of the solids suspended in the slurry (50 µm b x p b 200 µm) particularly poor [49] . In this way, the surfactant(s) distribute preferentially into the smallest particles and the elutriated powder. Larger granules start to include more of the suspended solids and so present a minimum content in surfactant(s), and only when they grow sufficiently they render homogeneous values [49] . The Fig. 10 . Evolution of the product size distribution associated to nozzles #1 and #3 from single-level operation conditions S 1 and S 3 [49] to multi-level operation conditions M 1 and M 3 (a) nozzle #1, S 1 [49] and M 1 and (b) nozzle #3, S 3 [49] and M 3 . experiments discussed here show the same general trend. The content of surfactant(s) in the product X s is given in Fig. 12 comparing each size class to the primary size mode in the reference M 13 . The effects of the phase separation are neater in the production of the bottom nozzle M 3 . Since agglomeration is less significant, the smallest droplets have not yet been redistributed in coarse granules and X s varies drastically with size. The primary size mode shows less surfactant(s) in Fig. 12 because it contains fewer agglomerates and more primary particles rich in solids than the coarsest granules. The elutriated powder and the particles x p b 450 µm render the same surfactant(s) level that in a singlelevel operation S 3 [49] but in M 3 the low surfactant(s) affects coarser particles (up to 1180 µm) in an indication of the high rate of fines that is being elutriated (M 3 Table 2 ) and escaping agglomeration (see the size reduction in Fig. 10b) . In a similar way to the single-level case S 3 [49] there is a neat correlation between the creation of the coarsest granules that form a plateau in the size distribution, M 3 Fig. 10b , and the homogenization of X s in Fig. 12 . In contrast, the powder from the top spray M 1 , has undergone more agglomeration and the surfactant(s) have been redistributed across granules of different sizes.
When both levels are used together in M 13 , the two mode sizes exhibit clearly different surfactant(s) contents. The first mode is mainly formed at the bottom and contains less agglomerates and the second comprises of the coarser granules formed at the top. The primary and secondary mode sizes in M 13 show respectively~3% lower and~6% higher surfactant(s) levels than the same size ranges in single-level operation S 1 [49] . Fig. 12 includes a comparison between M 13 and the expectation from the summation of independent sprays (M 1 + M 3 ). M 13 shows more surfactant(s) in agglomerates between 450-600 µm in evidence of the effect of capturing the fine elutriated powder when the sprays operate together. Note in Fig. 12 that every size class in M 1 +M 3 contains less surfactant(s) than M 13 ; this is a consequence of the higher rate of surfactant(s) that exits with the elutriated powder in M 1 and M 3 . A mass balance, including measurements of X s for the elutriated powder and conservative estimates of uncertainty reveals that the exit rate of surfactant(s) in the three cases in fact differs: in M 1 the exit rate of surfactant(s) is~2% higher than in M 13 and up to~7% higher than in M 3 where it is below the expectation from the formula. It is a surprising and important result for it demonstrates that there must be a source of accumulation of surfactant(s) in the chamber that depends on the operation conditions (i.e. varies from M 1 , M 3 and M 13 ). It can only be related to the walls. It would appear that the composition of the deposits can change in time and tend to accumulate surfactant(s). Perhaps the fragility of wall clusters is a function of X s and those rich in solids are more easily broken off and re-suspended. It is the first observation of such behaviour, which could have important effects in production and explain quality issues; this phenomenon must be studied further by long term monitoring of the deposits.
3.5.2. Particle drying history and water content, X w Fig. 13 includes the variation of X w with the product particle size for M 13 and all the isolation experiments. All cases show the general distribution as function of size characteristic of single-level operation [49] : a minimum within 350-450 µm perhaps associated to a lower initial water content, and a rise for fractions below and above, which is linked to breakage of large granules and the less efficient drying of coarse particles. It is particularly interesting that the bulk exit water content X w is not very sensitive to the final size of the powder. X w reduces significantly from M 3-i to M 3 , M 3-iii and M 3-ii in Fig. 13b but the size remains fairly constant in Fig. 11 and Table 7 . This trend is inconsistent with the relation between size and drying rate when the powder settles; it may be consequence of the large proportion of drying that occurs when particles are resident at the wall, 10-100 times longer than in airborne condition [5] . Furthermore, the lack of any change in the agglomeration pattern (Fig. 11) for such a variation in water content (Fig. 13b) suggests that the growth process itself is relatively insensitive to the nature of air-borne particles (e.g. X w ) and perhaps more influenced by those at the surface of deposits (e.g. interaction of the near wall region with the walls, NTR and WR in Fig. 3) . The relative importance of air-borne and wall- borne contacts in agglomeration and drying efficiency shall be subject of future work [54] .
3.5.3. Product structure Fig. 14a shows examples of elutriated powder and fine particles to illustrate the droplet morphology (Part A [49] includes a more detailed analysis). Droplets are heterogeneous; they contain small spherical drops (e.g. Figs. 14-1 to 14-3), spherical particles of varying composition (e.g. Figs. 14-4, 14-5, 14-8) and ligaments (e.g. Fig. 14-9 ). Drying leads to hollow structures (Figs. 14-6, 14-10) and in vast majority a porous matrix (e.g. Figs. 14-11, 14-12) . The presence of fragments (e.g. Figs.
14-6, 14-7) points to certain breakage of the coarsest granules. In general terms, a multi-level arrangement generates similar agglomerate structures and no specific morphological differences to a single nozzle [49] . Fig. 15 includes some examples and micrographs at a higher magnification to illustrate the solid bridges established between the particles and the sources of porosity due to drying or agglomeration. The agglomerates show high aspect ratios and complex shapes because they include heterogeneous primary particles and elongated shapes (e.g. Fig. 15-1) . The single-level operation [49] revealed characteristic pore size ranges due to dehydration of the primary particles (micronrange) or the formation of cavities. In a multi-nozzle system the same (9), hollow structures (10) and common porous matrix (11, 12) . sources of porosity appear in a different size range. Fig. 15-7 to 15-10 showcase the presence of cracks, bursts and micron pores at the surface of particles and the cavities formed in the agglomerates Table 8 reports the particle porosity ε and density as a function of size for M 13 . Despite the different thermal history, the particle structure is found, in general terms, comparable to a single-level operation [49] . The intra-particle porosity ε shows higher values but it remains in all cases below the volume of water displaced, and no evidence suggest that droplet inflation is a dominant way to generate porosity. Fig. 16 reports the pore size distributions for selected size fractions including the entire Hg intrusion cycle (intra and inter particle voids). The product from the multi-level operation is compared to a single-level operation case with a nozzle from position #2 (intermediate between #1 and #3 [49] ). When two levels are used the product coming from the top faces higher temperatures only at the bottom of the chamber when it has already dried to some extent. In turn, the slurry sprayed at the bottom spray faces high temperature when it is still very wet and thus it is more prone to boil and generate vapour bursts. The mixture of powder from both sprays renders a more heterogeneous set of structures and makes the pore size due to drying to vary in M 13 . The coarsest granules reveal the two sources of porosity. In the multi-level operation, M 13 , the cavities formed by agglomeration narrow to 30-40 µm, but the micron pores move to larger sizes, perhaps as the result of bursts and faster drying rates, Fig. 16a . The same trend is observed in the finest and coarsest particles, Fig. 16a and 16b . It becomes more obscure as the agglomerates grow in Fig. 16c due to the increasing size of pores/cavities that turn comparable to inter-particle voids. In contrast, the porosity of the elutriated powder is comparable in both cases in Fig. 16d , because at the top of the dryer the fine powder experiences a similar thermal history.
Conclusions
The experimental method outlined here allows studying agglomeration in each spray of a large drying chamber. The effects of agglomeration in the efficiency and capacity of a multi-level swirl countercurrent dryer have been investigated in an example of detergent production. The contribution of each nozzle to the product was studied independently and correlated to the process conditions and the local heat transfer rates. The following general conclusions can be summarised: a) Efficiency, capacity and agglomeration: A multi-level arrangement of detergent nozzles in a swirl drying tower renders slightly lower capacity ratios than single-level operation due to the elutriation of more powder and increased agglomeration. However it allows for operation at higher throughput and improves substantially the heat transfer efficiency from 0.50 to 0.59. The different thermal history of each spray has a great impact in the formation of deposits and agglomerates. In contrast to the use of single nozzles, a two-level arrangement generates agglomerates in two size modes. The study of each nozzle independently reveals that the coarse size mode is mainly generated by the top spray. Agglomeration appears related to the specific heat transfer rate in each nozzle region: growth is heavily inhibited at the bottom and promoted at the top spray leading to creation of a coarse second size mode. In addition, the analysis of the elutriation and the powder composition demonstrates that both sprays interact by the capture of the full stream of fine powder elutriated from the bottom into the top nozzle region. In the case treated, inter-nozzle interactions account for N 6-11% of agglomerates N 600 µm. The product morphology is similar for single and multiple nozzle operations but the different thermal history of the sprays makes the product in a multi-level system to present a different porosity profile and larger variations in composition due to the separation of solids and liquids phases at the nozzle.
b) Wall dynamics: The lack of correlation between product size and water content suggests that the contacts between particles and/ or droplets occurring at the outer layers of deposits may play a substantial role in the formation of agglomerates. Furthermore, analysis of the product composition indicates that the composition of the deposits varies in time as a function of operating conditions. A relation between the resuspension dynamics and the cluster composition may be transferable to other systems and play a significant role in the long term behaviour of spray dryers, which must be studied in future works.
c) Unit compartmentalization. The experimental methodology described here provides a powerful tool to facilitate the development and validation of models based in the subdivision of spray dryers into nozzle regions. It enables the quantification of particle growth in different areas of a chamber and studying how agglomeration responds to changes in process conditions. This type of data provide engineers across industries with a new way to correlate experimental growth kinetics in a specific case to the heat transfer rate near a spray, and in this way advance in developing compartmental models. Normalised size frequency in a probability density function, log (μm) 
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For the full powder exiting the tower (elutriated fraction + product from the bottom) EX Exhaust conditions. IN Inlet conditions. P For the particle/product exiting the tower from the bottom end. R For the fraction of oversized powder removed from that exiting from the tower belt. S For surfactant(s) / for the solid phase / for the slurry mix at the nozzle.
